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Abstract
This article presents a novel modal-based vibrothermographic approach for health monitoring of loosening bolted joints 
in coupled structures. In this article, the theoretical background supporting this proposed approach is firstly presented. 
Through finite element analyses on a simple bolted structure with varying joint conditions achieved by adjustment 
of bolt loads, the relationship between the bolt load and the temperature increase in the vibrating bolted joint dur-
ing vibrothermographic tests was revealed. Experimental vibrothermographic tests on a more complex structure were 
completed to verify the observations from the finite element analyses while demonstrating the viability of the vibroth-
ermographic approach in a laboratory environment. It has been shown that this vibrothermographic approach was able 
to determine the stage of a bolted joint in its progression of failure by tracing the changes in the temperature increase 
in relevant regions during vibrothermographic tests. Moreover, additional tests have been performed to illustrate that 
this approach was effective even by using only the residual responses of the structure’s vibration that were away from 
the resonances, which indicates it is more applicable to structures with higher damping as such structures have stronger 
residual responses during vibration that can be utilized. In the concluding observations of the article, the procedure for 
practical application of this approach is summarized, and its potential for further development is discussed.
Keywords Structural health monitoring · Infrared thermography · Vibrothermography · Bolted joint · Modal analysis · 
Finite element analysis
1 Introduction
Due to continuous advances in engineering and manufac-
turing industries, many engineering structures have been 
becoming increasingly complex. One of the most common 
elements in these complex structures is joints which are 
used to connect individual components. However, joints 
are able to introduce complicated dynamics to the struc-
tures, which have to be understood so that the structures 
connected by joints can be designed accordingly and 
operated safely.
Among the common types of joints in engineering 
structures, bolted joints have been one of the most-stud-
ied types of joint due to their varying dynamic properties 
under different loading and contact conditions. Firstly, 
it was demonstrated that the uncertainty and nonlinear 
characteristics in joints, particularly bolted joints, are able 
to cause a range of complex dynamic problems, adding 
to the fact that the sources of these characteristics in 
joints usually vary from case to case [1]. The nonlinear 
behaviors caused by bolted joints were also studied by 
Gaul and Lenz, where a finite element (FE) model was 
created to study the stick–slip mechanism in the contact 
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area, which is one of the main causes of the complicated 
dynamic behaviors in joints [2]. Schwingshackl et al. [3] 
and Hartwigsen et al. [4] also managed to utilize FE analy-
ses to model and study the nonlinear behaviors in bolted 
flange joints and a shear lap joint respectively. In terms 
of experimental tests, Ma et al. showed the possibility of 
using laser vibrometer to identify the dynamics of bolted 
joints [5]. Di Maio et al. also achieved successful results in 
identifying and locating nonlinearities in joints using strain 
analysis [6] and scanning laser vibrometer [7]. In addition 
to the variability of dynamics in joints, Chi et al. demon-
strated that there is also mutual influence between the 
dynamic and the thermal parameters in vibrating bolted 
joints under different loading and contact conditions [8].
Besides their complicated dynamics originated from a 
range of sources, joints, specifically bolted joints, also tend 
to develop problems in operating conditions which corre-
spondingly alter the dynamic properties and can affect the 
performance and threaten the integrity of the structure.
There have been research activities and associated arti-
cles suggesting potential techniques for detecting defec-
tive joints and evaluating joint integrity in engineering 
structures. Firstly, the utilization of ultrasonic approaches, 
which are the de-facto standard techniques for damage 
detection in engineering industries, has been studied [9, 
10]. Using samples from responsive space satellites as the 
specimen, Doyle et al. applied acoustoelastic and electro-
mechanical impedance methods for detecting defective 
bolted joints [11]. In addition, Argatov and Sevostianov 
demonstrated that electrical conductivity measurements 
could be utilized for detecting the loosening failure of 
conductive bolted joints [12]. Shin et al. [13] and Zagrai 
et al. [14] have shown the possibility of using piezoelectric 
active sensors for health monitoring of joints. Giurgiutiu 
et al. [15] and Pavelko et al. [16] have also achieved positive 
results from health monitoring of spot-welded lap-shear 
joints and bolted joints respectively using the electrome-
chanical impedance technique. Moreover, Kim and Wang 
suggested an enhancement to the electromechanical 
impedance approach by using piezoelectric circuitry [17].
However, the utilization of infrared thermography 
(IRT), which is one of the most commonly deployed non-
destructive testing and evaluation techniques, has been 
rarely studied for detection of joint problem and evalu-
ation of joint integrity in engineering structures. IRT as 
a damage detection and structural health monitoring 
approach has several distinct advantages, such as being 
able to perform rapid continuous non-contact scans of 
large areas with short measurement times [18]. The results 
from IRT inspections are usually presented in the form of 
whole-field two-dimensional images or videos, which are 
easy to understand hence able to lower the difficulty of 
the subsequent data analyses. These advantages make IRT 
practically viable for detection of damage and monitoring 
of health in large-scale engineering structures due to its 
high effectiveness and efficiency.
During the failing process, dynamic properties of 
bolted joints are changed due to altered contact condi-
tions. As studied by the authors, the dynamic and ther-
mal properties in vibrating bolted joints are interrelated, 
both of which are affected by different loading and con-
tact conditions [8]. For this reason, in this article, a novel 
approach using modal-based vibrothermography, which 
is a special application of IRT, is presented and applied to 
study the thermal behaviors in vibrating bolted joints at 
different integrity conditions, through which the changes 
in dynamic properties in bolted joints at different integ-
rity conditions can be revealed using temperature data. 
With the relationship between the temperature and the 
integrity condition of bolted joints revealed, the stage of 
a bolted joint in its failing process can be determined. Spe-
cifically, loosening failure of bolted joints is selected as the 
type of problem to be studied as it is arguably the most 
common type of problem of bolted joints. In this research, 
the loosening process was simulated by the application of 
different bolt loads.
This modal-based vibrothermographic approach has 
been studied by the authors and verified on detecting 
sub-surface damage, specifically delamination, in aero-
space-grade composite materials [19]. In this research, this 
proposed approach is extended to be applied to coupled 
structures connected by bolted joints, which are relevant 
to a wider range of engineering products. Both numerical 
simulations using the FE analysis and experimental tests 
were performed in this research. In the FE analyses, a sim-
ple coupled structure consisting of two components con-
nected by a bolt was created and studied, while a more 
complex metal frame structure consisting of four bolted 
joints, each having six different interfaces, was used as the 
specimen for the experimental tests. Through the FE anal-
yses, the relationship between the bolt load simulating 
integrity condition of the bolted joint and the temperature 
increase during vibrothermographic tests was revealed, 
which has then been verified in the experimental vibroth-
ermographic tests.
2  Theoretical background
Vibrothermography is a special application of IRT that 
utilizes friction in relevant regions, such as the interfaces 
and damaged areas, of an inspected structure as the 
heat source [20]. In vibrothermography, the inspected 
structure is excited by mechanical forces or acoustic/
ultrasonic waves at a single frequency—or multiple fre-
quencies—so that the relevant regions produce friction 
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due to relative motion between surfaces during the 
induced vibration, which leads to local heat generation 
that can be detected by an infrared (IR) camera. Because 
of the friction-based heat generation mechanism, vibro-
thermography is more suitable than the conventional 
heat-flow-based IRT approaches for this research. Spe-
cifically, through vibrothermographic tests, changes of 
dynamic characteristics in joints, which are caused by 
altered joint conditions, can be revealed through analy-
ses of thermal data, as changes in the former are able to 
affect the frictional heat generation considerably.
In vibrothermographic tests, in order to ensure ade-
quate frictional heat generation that can be detected by 
an IR camera, the inspected regions need to have suf-
ficient strain energy during vibration, otherwise detect-
able heat will not be generated in these regions which 
means the vibrothermographic approach is compro-
mised [19, 21].
For a vibrating structure, high strain energy is achieved 
around resonances, at which the response of the struc-
ture is maximized. For this reason, the calculation of strain 
energy distribution in the structure can be achieved by a 
modal analysis. Specifically, the modal analysis is able to 
measure experimentally and/or numerically calculate the 
natural frequencies (resonant frequencies) of a structure, 
as well as the mode shape and the associated strain energy 
distribution at each resonance. In operating conditions, 
the deflection shape of a structure is a combination of all 
excited mode shapes so that calculating the strain energy 
distribution in each mode of vibration is able to predict 
the actual strain energy distribution in the structure [22].
For active vibrothermographic testing specifically 
where external excitation is applied to the inspected struc-
ture to induce vibration, with the necessary knowledge of 
the distribution of strain energy at each resonance, param-
eters of the excitation force can be selected to ensure high 
strain energy concentration in the inspected regions dur-
ing the structure’s vibration.
During vibrothermographic testing, the inspected 
structure vibrates due to the applied excitation. The heat 
will be generated due to friction created by relative motion 
between surfaces in relevant regions, such as the dam-
aged areas, defects and interfaces, inside the inspected 
structure during the induced vibration, which can be cap-
tured by an IR camera.
In this research, the relative motion between the con-
tact surfaces in the joints is rather complicated and can be 
described as a stick–slip process [23–26]. However, despite 
the complex nature of the stick–slip motion, as the objec-
tive of this research is to study the heat generation in joints 
through friction, the stick portion which does not provide 
frictional heat generation was not concerned.
For the sake of completeness, even when there is zero 
relative motion between two surfaces, heat will still be gen-
erated through other mechanisms such as the thermoelas-
tic effect and plasticity-induced heat generation [20, 27]. 
However, the heat generated through these mechanisms 
is usually considerably lower than the heat generated from 
friction, especially when the relative motion between the 
contact surfaces is significant compared to the overall elastic 
and plastic deformation in the joint region of the structure, 
which is the case in this research. For this reason, it was safe 
to assume that the temperature increases in the joints being 
inspected in the experimental tests of this research were due 
to frictional heat generation. Separately, as frictional heat 
generation was defined as the only heat generation mecha-
nism in the FE analyses of this research, all heat generation 
and temperature increases recorded in the FE analyses were 
completely caused by friction.
When relative motion is present, the frictional heat gen-
eration rate between two contact surfaces can be calculated 
from:
where Ff  is the frictional force which equals to the normal 
force Fn multiplied by the kinetic friction coefficient 휇k and 
?̇? is the slip rate which is the speed of the relative motion 
between the contact surfaces [20, 28].
For frictional heat generation in the vibrating bolted 
joints being studied in this research, both of the parameters 
were affected by the contact condition in the bolted joints. 
Practically, as a bolted joint starts to loosen, the contact 
load between the surfaces will decrease, which correspond-
ingly result in a reduction in normal force while an increase 
in slip rate. For this reason, it may be predicted that, dur-
ing vibrothermographic tests, if all other parameters such 
as amplitude and frequency of vibration remain approxi-
mately unchanged, a maximum frictional heat generation 
rate exists, which corresponds to a specific contact load level 
in the joint. In this case, as a sound bolted joint becomes 
loose, the frictional heat generation is expected to increase 
first, and then decrease as it is approaching failure so that a 
bell-curve-shaped relationship can be observed.
This prediction can be demonstrated using a simplified 
mathematical model. Firstly, we can isolate the joint region 
by modelling the effects from other regions of the structure 
as a damper and a spring. For a pair of contact surfaces in 
the joint region, if we take the lower element as the refer-
ence surface, the equation of motion of the upper part of 
the interface can be written as:
where F in this case is the kinetic friction force Ff  , which 
can be calculated from:
(1)P = Ff ?̇?
(2)m?̈? + c?̇? + k𝛾 = F
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Fn is the total normal force which, for the specific case 
in this research, consists of the bolt load and other normal 
forces such as the mass of the structure supported by the 
joint.
In order to estimate the relationship between the con-
tact load and frictional heat generation, we can simplify 
the problem by assuming that the external force from 
the rest of the structure onto the joint, which has been 
simulated as a damper and a spring in Eq. 2, is constant 
and only exists in shear direction, denoted as Fe , while 
assuming the kinetic friction coefficient 휇k is constant as 
well. In this case, the frictional heat generation rate at any 
moment t  is:
The maximum can be easily calculated, which is 
achieved when:
From Eq. 5, it can be observed that the normal force 
corresponding to the maximum frictional heat genera-
tion rate is directly proportional to the external shear force 
exerted onto the joint in this situation.
If the external force is not constant, the force applied 
to the isolated joint also becomes a variable. However, the 
general relationship between normal force and frictional 
heat generation rate still exists. This implies that, for a joint 
region, the normal force at which the maximum frictional 
heat generation rate is reached is still positively corre-
lated with the external shear force applied to the joint. 
The progression of failure in a bolted joint that decreases 
the normal force Fn may either increase or decrease the 
frictional heat generation rate depending on the relation-
ship between the current Fn and Fn_max.
Realistically, due to the fact that the kinetic friction coef-
ficient is usually velocity-dependent and that the external 
force is usually time-dependent while existing in multi-
ple directions, deriving a unifying mathematical model 
describing the exact relationship between the frictional 
heat generation rate and the normal force—or contact 
condition—in joints is almost impossible, especially con-
sidering that the dynamic properties of joints may even 
change under different temperatures due to thermal 
expansion and deformation [29].
However, it is possible to rely on FE analyses to 
observe the changes of frictional heat generation in 
bolted joints at varying contact load levels representing 
different bolted joint conditions, instead of pursuing a 
(3)Ff = 휇kFn
(4)P = Ff ?̇? = 𝜇kFn?̇? = 𝜇kFn
Fe − 𝜇kFn
m
t
(5)Fn_max =
Fe
2휇k
unifying quantitative relationship through mathematical 
derivations.
3  Finite element analysis
In order to study the thermal behaviors in joints through 
numerical vibrothermographic tests in an FE environment, 
a simple model of a coupled structure was created in SIM-
ULIA Abaqus, where the reason for using a simple model 
was to ensure that unexpected factors could be reduced to 
as minimum as possible. Specifically, the model consisted 
of a cuboid as the base and a cube as the top, which were 
connected by a bolt. During the analyses, the load in the 
bolt could be adjusted to achieve different contact condi-
tions in the joint. The dimensions of the cuboid were 0.3 m 
× 0.05 m × 0.02 m. The side length of the cube was 0.05 m. 
The created FE model is shown in Fig. 1.
A solid homogeneous section using the properties of 
mild steel was created to define this FE model. Specifically, 
the density was set to 7850 kg∕m3 . The Young’s modulus 
was 211 GPa and the Poisson’s ratio was 0.303. The ther-
mal conductivity was 45 W∕(mK) . The specific heat capac-
ity was 510 J∕(kg K) . The element type was C3D4T, which 
is a four-node thermally coupled tetrahedron [30]. The 
element size determined after mesh convergence was 
0.004 m with a 10% minimum size control.
For the definition of the interfaces, the static-kinetic 
friction model was used as the tangential behavior, where 
the static friction coefficient was set to 0.7 and the kinetic 
friction coefficient was set to 0.6 [31]. As for the normal 
behavior, the “hard” contact definition was used to prevent 
penetration between the contact surfaces [32]. Penetra-
tion between surfaces is one of the most common sources 
of inaccuracies and errors in FE analyses if defined inappro-
priately. Heat generation and thermal conductance were 
also included to enable frictional heat generation and heat 
transfer between the components. Specifically, Abaqus 
calculated frictional heat generation using the relationship 
Fig. 1  The FE model created in SIMULIA Abaqus
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described in Eq. 1 [28] and it was defined that all energy 
dissipated through friction was converted to heat.
The FE vibrothermographic tests were to be performed 
using the explicit dynamic coupled temperature-displace-
ment analysis in Abaqus to achieve high accuracies by 
including the interactions between the dynamic and ther-
mal effects. As explained previously, in order to perform a 
reliable vibrothermographic test, the dynamic behaviors 
of the structure must be studied to obtain the relevant 
stress and strain distributions, which could be achieved 
by completing a modal analysis. Specifically, the results 
from the modal analysis served the role of selecting fre-
quency and location of the excitation force used in the 
active vibrothermographic tests so that detectable heat 
could be generated in relevant regions during the induced 
vibration.
In this research, an FE modal analysis was performed 
in SIMULIA Abaqus, where the Lanczos method was used 
to calculate the eigenvalues and eigenvectors that corre-
sponded to the natural frequencies and mode shapes of 
the structure [33]. The mode shape and natural frequency 
of the structure in the first and second mode of vibration 
are shown in Fig. 2, and the corresponding strain energy 
distributions were calculated and superimposed on the 
mode shapes, as displayed in Fig. 3. In the modal analysis 
and the subsequent vibrothermographic simulations, a 
free-free boundary condition was applied which ensured 
free movement of the structure without extra constraints 
so that the effects from unexpected external factors could 
be minimized.
From the results in Fig. 2, it can be observed that in the 
first mode, the structure only moved in Z-direction, while 
in the second mode, the motion was generally—but not 
completely—in the X–Y plane. This difference was able 
to affect the frictional heat generation in the joint dur-
ing vibrothermographic tests significantly, so the two 
modes of vibration were studied separately, which will be 
demonstrated later in this section. In addition, the strain 
energy distributions shown in Fig. 3 have revealed that 
in both modes the contact region possessed high strain 
energy concentration so that both modes were suitable 
for vibrothermographic tests because of their capabilities 
of generating considerable heat in the interface through 
friction during vibration.
After completion of the modal analysis, the FE vibro-
thermographic simulations could be performed. As 
explained previously, the simulation of different joint 
conditions was achieved by adjustment of bolt load. In 
order to apply bolt load prior to the execution of the FE 
vibrothermographic simulations, static analyses needed 
Fig. 2  Mode shape and natural frequency of the structure in the a first and b second mode of vibration
Fig. 3  Strain energy distribution in the structure in the a first and b second mode of vibration
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to be completed. In the static analyses, the bolt load was 
applied at the middle surface of the bolt as a uniformly 
distributed force parallel to the direction of the bolt’s axis. 
For this structure, it was decided to apply 40 levels of bolt 
load, which spanned from 250 to 10,000 N with increments 
of 250 N.
Following the static analyses, it was additionally veri-
fied that the natural frequencies of the structure were 
not significantly altered by the different bolt load so that 
consistency could be assured across the different simula-
tions. Next, results from the static analyses were imported 
into the corresponding explicit dynamic coupled temper-
ature-displacement analyses as the initial states using 
the Abaqus “Predefined Fields” function [34] so that the 
changes caused by the application of the bolt load could 
be taken into consideration during the vibrothermo-
graphic simulations. Before the start of the simulations, 
an initial temperature of 20 °C was defined for the whole 
model.
In each explicit dynamic coupled temperature-dis-
placement analysis that simulated a vibrothermographic 
test, a harmonic external force was applied to excite the 
structure. As the two modes of vibration were studied 
separately, the frequency of the excitation force was set 
to match the corresponding natural frequency, which 
was 1207.2 Hz for the first mode and 2557.5 Hz for the 
second mode. The location and direction of the excita-
tion force for each mode are shown in Fig. 4 so that the 
target mode could be excited effectively. Three different 
amplitudes were used for the excitation force, which were 
500 N, 1000 N and 1500 N respectively. With 40 different 
levels of bolt load, this gave 120 sets of data for each mode 
of vibration so that the reliability and repeatability of the 
results could be assured. Due to the extreme computation 
time and power required for an explicit dynamic coupled 
temperature-displacement analysis, each analysis only 
simulated 0.05 s. However, this was sufficient to cover 60 
cycles and 127 cycles of vibration for the first and second 
mode respectively.
After the completion of the FE analyses, the reliability 
of the results was verified for each mode of vibration by 
observing the temperature profiles of multiple elements 
in the contact interface across multiple analyses. Between 
the two modes of vibration, the second mode is presented 
first, as the motion in the joint is predominantly in-plane 
which more closely resembled the circumstance described 
previously in the theoretical background section.
3.1  The second mode of vibration, FE analysis
During the data validation, it was observed that the ele-
ments in the contact interface displayed similar tem-
perature profiles over the simulation period. Among the 
inspected elements, results from two elements, namely 
element 25,936 and element 5473, are presented here as 
examples. Both elements were located on the top surface 
of the cuboid base inside the contact region. The exact 
locations of the two elements are shown in Fig. 5.
Temperature increases, which were solely caused by 
frictional heat generation due to the definition of the FE 
model, at element 25,936 and element 5473 at the end 
of the analyses were calculated and plotted in Fig. 6. In 
each plot, as all parameters apart from bolt load were kept 
constant, the results can be compared on the same basis.
From the results in Fig. 6, multiple notable behaviors 
can be observed.
Firstly, as predicted previously, for unchanged excita-
tion parameters (amplitude and frequency), when the 
bolt load increases, the normal force will increase while 
the slip rate will decrease. This will result in the existence 
of a maximum frictional heat generation rate so that 
the relationship between the friction heat generation 
rate, which was represented here by the temperature 
Fig. 4  Location and direction of excitation force for the a first and b second mode of vibration
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increase over a fixed amount of time, and bolt load can 
be approximately described as a bell curve.
This behavior is clearly demonstrated in Fig. 6. It was 
also observed that the bolt load corresponding to the 
maximum frictional heat generation rate was positively 
correlated with the external force, which conformed with 
the prediction made in the theoretical background sec-
tion. Additionally, the amplitude of the external force 
was also positively correlated with the width of the peak 
of frictional heat generation.
For unchanged bolt load, as the excitation amplitude 
increased, the frictional heat generation rate ascended 
as well. The relationship was not linear firstly due to 
the stick–slip motion since as the excitation amplitude 
increased, the portion of the stick motion was reduced, 
which enhanced the frictional heat generation even 
further. Another main reason for the nonlinearity was 
the altered contact condition, which will be explained 
shortly.
Moreover, the normal force and the slip rate varied 
across locations in the contact interface, so the frictional 
heat generation rate was always different at different 
positions. The exact distributions of normal force, slip 
rate and frictional heat generation rate always depend on 
the shape of the structure during vibration. Although the 
absolute value of the frictional heat generation rate varied 
at different locations, the shapes of the curves, including 
the bolt load corresponding to the maximum frictional 
heat generation rate and the width of the peak, tended to 
be similar at different locations in the same contact inter-
face when the other parameters remained unchanged, as 
shown in Fig. 6 a–c.
Among the two parameters determining the frictional 
heat generation, it is obvious that the frictional force is 
positively correlated with bolt load. However, it was men-
tioned previously that as bolt load increases, the slip rate 
between the contact surfaces should always decrease, 
which in fact was not entirely a reflection of the true 
Fig. 5  Location of a element 25,936 and b element 5473
Fig. 6  Temperature increase (°C) over 0.05 s with a 500 N, b 1000 N and c 1500 N excitation amplitude, the second mode of vibration
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behavior. To demonstrate this effect, the accumulated slip 
distances over 0.05 s at element 25,936 and element 5473 
were summarized to represent the average slip rates and 
displayed in Fig. 7.
The primary observation is that the relationship 
between slip distance and bolt load was not monotonic. 
Although seemingly counter-intuitive, this behavior could 
be explained. At low bolt load, surfaces often lost contact 
during vibration. The slip rate in the affected regions could 
be considered negligible in these situations due to the loss 
of contact. As the bolt load increased, the loss of contact 
became less frequent. In this case, the average slip rate 
increased with the bolt load. After a point where the loss 
of contact became more consistent through the cycles, 
the average slip rate started to decrease as the bolt load 
continued to increase due to ascending friction caused by 
increasing normal force. It was observed that the relation-
ship between average slip rate and bolt load can also be 
approximated as a bell curve, as shown in Fig. 7. The loss 
of contact was verified by extracting the average areas of 
contact between the two surfaces during vibration, which 
are shown in Fig. 8.
In can be observed that when the bolt load was low, 
the average area of contact was considerably smaller com-
pared to that at high bolt load, which demonstrated the 
frequent loss of contact between the surfaces at low bolt 
load levels during vibration.
For unchanged bolt load, the different excitation 
forces also altered the area of contact. A larger excita-
tion force aggravated the loss of contact, which made 
the maximum average slip rate appear at a higher bolt 
load and created a wider peak, as shown in Fig. 7. This 
Fig. 7  Slip Distance (m) over 0.05 s with a 500 N, b 1000 N and c 1500 N excitation amplitude, the second mode of vibration
Fig. 8  The average area of contact ( m2 ) over 0.05 s with a 500 N, b 1000 N and c 1500 N excitation amplitude, the second mode of vibration
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observation leads directly to the nonlinear association 
between the frictional heat generation rate and the 
excitation amplitude.
To summarize, although there was a moderate loss 
of contact between the surfaces during vibration so the 
relationship between the average slip rate and the bolt 
load was not monotonic, a bell-curve-shaped relation-
ship could still be observed between frictional heat gen-
eration and bolt load due to the loss of contact being 
relatively insignificant. The practical interpretation of 
this observation is that, as a bolted joint goes through 
its loosening process, the frictional heat generation rate 
inside the joint will firstly increase, then decrease as the 
failure approaches. However, the same trend was not 
observed in the first mode of vibration, where the loss 
of contact became more significant.
3.2  The first mode of vibration, FE analysis
For the first mode of vibration, results from two new ele-
ments are presented here as examples due to changes in 
temperature distribution because of different deformation 
shape of the structure during vibration. The locations of 
the two new elements, namely element 13,366 and ele-
ment 8792, are shown in Fig. 9. Similar to the case in the 
second mode of vibration, both elements were located 
on the top surface of the cuboid base inside the contact 
region.
The temperature increases at element 13,366 and ele-
ment 8792 at the end of the analyses were collected and 
plotted as shown in Fig. 10.
As observed in Fig. 10, the relationship between the 
temperature increase and the bolt load became mono-
tonic. Although this behavior violated the anticipation 
made in the previous section, it could be explained 
through the loss of contact. The loss of contact was again 
Fig. 9  Location of a element 13,366 and b element 8792
Fig. 10  Temperature increase (°C) over 0.05 s with a 500 N, b 1000 N and c 1500 N excitation amplitude, the first mode of vibration
Vol:.(1234567890)
Research Article SN Applied Sciences          (2020) 2:1446  | https://doi.org/10.1007/s42452-020-03251-7
demonstrated by extracting the average area of contact 
between the two surfaces during vibration, which is 
shown in Fig. 11.
By comparing the values in Figs. 8 and 11, it can be 
observed that the loss of contact was more pronounced 
in the first mode of vibration because the motion of the 
structure was in Z-direction in this mode. For this reason, 
the lack of heat generation during the loss-of-contact 
phase became significant so that the originally antici-
pated bell-curve-shaped relationship between frictional 
heat generation and bolt load was altered entirely, which 
became monotonic.
Specifically, the influence of the loss of contact was 
revealed using the accumulated slip distance data, which 
are plotted in Fig. 12.
It can be observed from Fig. 12 that the influence of the 
loss of contact became so dominant that the slip distance 
and the bolt load became approximately positively cor-
related. In this case, the average slip rate increased cor-
respondingly with bolt load until a significant bolt load 
was reached so that the loss of contact became relatively 
less frequent.
Due to the frequent loss of contact, both the normal 
force and the average slip rate tended to be positively cor-
related with the bolt load until the bolt load was relatively 
high, which resulted in a monotonic relationship between 
temperature increase through friction and bolt load, as 
shown in Fig. 10.
However, despite the observations from the first mode 
of vibration, it must be noted that the opening force 
Fig. 11  The average area of contact ( m2 ) over 0.05 s with a 500 N, b 1000 N and c 1500 N excitation amplitude, the first mode of vibration
Fig. 12  Slip Distance (m) over 0.05 s at element 13,366 with a 500 N, b 1000 N and c 1500 N excitation amplitude, the first mode of vibration
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normal to the contact surfaces must be significant, such 
as the case in this research, for the effects from loss of 
contact to be so dominant that the originally anticipated 
bell-curve-shaped relationship is altered entirely. If the 
loss of contact is not as significant, a bell-curve-shaped 
relationship as observed in the second mode of vibration 
should be expected.
4  Experimental testing
In order to further verify the observations found in the 
FE analyses as well as showing the viability of this modal-
based vibrothermographic approach in a practical envi-
ronment, experimental vibrothermographic tests have 
been performed.
4.1  Rig setup for experimental testing
The structure being studied experimentally was a metal 
frame structure consisting of four bolted joints located 
at the four corners. The structure was made of mild steel 
and had a mass of 10.3 kg. The structure was suspended 
throughout the tests to minimize the influence of unex-
pected external factors that may affect the heat genera-
tion in the structure during the vibrothermographic tests. 
The suspended structure and the drawing of the joint are 
shown in Fig. 13. The reason behind using a more com-
plex structure in the experimental tests was to verify that 
the conclusions acquired from the simple structure in FE 
analyses would still apply in a more complicated scenario, 
which could be helpful for the generality and practicality 
of this modal-based vibrothermographic approach.
4.2  Experimental modal testing
Firstly, as described previously, a modal analysis should 
be performed before the vibrothermographic tests. Spe-
cifically, the objective of the initial modal analysis is to 
measure experimentally and/or numerically calculate the 
modal parameters, including natural frequency, mode 
shape and strain energy distribution of the structure in 
each mode of vibration so that an appropriate mode 
can be selected for the vibrothermographic test. With an 
appropriately selected mode of vibration where the region 
of interest has high local strain energy, the effectiveness 
of the excitation force can be maximized in terms of the 
amount of frictional heat generation in the interested 
region caused by the excitation.
As demonstrated in the previous section, apart from 
the experimental modal analysis (EMA), a modal analysis 
also consists of the portion of the FE analysis. Specifically, 
although the modal parameters of a structure can be 
obtained through an EMA, the FE analysis is able to pro-
vide localized specificity with considerably higher resolu-
tion due to the limitations on the number of sensors that 
can normally be placed on a structure in an experimental 
test. For this reason, performing FE modal analyses in addi-
tion to the EMA is usually beneficial for acquiring more 
detailed information of the studied structure.
When the FE analysis is considered, a preliminary FE 
modal analysis is usually performed before the experi-
mental testing to estimate the modal parameters of the 
structure so that a more reliable selection of the loca-
tion and frequency range for the excitation force can be 
deployed in the EMA. After the completion of the EMA, 
the preliminary FE model can be subject to model updat-
ing so that it can provide results which are more accurate 
representations of the properties of the physical structure. 
However, model updating is not always mandatory if the 
preliminary model is able to provide sufficient information 
in the regions of interest in the structure.
After realizing the significance of the modal analysis 
before the actual vibrothermographic tests, the initial 
modal analyses should be implemented. In this research, 
because only one joint in the metal frame structure was 
to be inspected during the vibrothermographic tests, the 
loads on the other three bolts were lowered to zero to 
Fig. 13  The a suspended metal frame structure and b drawing of the joint [35]
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reduce damping in the structure so that the frictional heat 
generation could be concentrated on the inspected joint. 
The bolt load in the inspected joint was set to 6 Nm for 
both the physical structure and the preliminary FE model, 
which was approximately the maximum load that could be 
applied by hand on the bolt in the physical structure. How-
ever, for the sake of completeness, the total normal force 
in the other three joints was still not equal to zero due to 
the mass of the structure that was supported by the joints.
Following the completion of the preliminary FE modal 
analysis, based on which the frequency range of interest 
was selected to be 10 Hz to 100 Hz, experimental tests 
were performed on the metal frame structure. The first 10 
natural frequencies measured from the EMA are summa-
rized in Table 1 and the mode shapes are shown in Fig. 14.
4.3  FE modal analysis on the updated model
Following the EMA, the preliminary FE model was updated 
based on the experimental results, after which the outputs 
from the FE modal analysis became almost identical to the 
results from EMA. The high-fidelity mode shapes of the first 
10 modes of vibration from the FE analysis are shown in 
Fig. 15. By comparing the mode shapes shown in Figs. 14 
and 15, nine out of the 10 modes of vibration could be 
correlated. The fifth mode of vibration was an out-of-plane 
mode, so it was unable to be excited using an in-plane 
excitation force, which explained its absence from the EMA 
results. Apart from the fifth mode, all other modes were 
correlated and the comparisons between their natural fre-
quencies are summarized in Table 2.
The updated FE model was able to achieve a satisfac-
tory correlation with the experimental results. Among the 
nine correlated mode pairs, eight mode pairs had a natural 
frequency difference smaller than 3%, with five lower than 
1%. These observations demonstrated that the updated 
FE model was able to provide reliable representations of 
the actual structure.
The strain energy distributions for the first 10 modes of 
vibration were then extracted from the FE results to assist 
the target mode selection. To reiterate, the mode of vibra-
tion used for the vibrothermographic tests must be care-
fully selected so that the region of interest has high local 
strain energy, thus ensuring the frictional heat genera-
tion can be maximized. To reflect this behavior, the strain 
energy distribution in the inspected joint in each mode 
of vibration is shown in Fig. 16, where an equal rainbow-
based color scale was applied to all plots to allow more 
convenient comparisons of results.
Among the 10 modes of vibration displayed in Fig. 16, 
multiple modes had relatively high strain energy in the 
inspected joint, which were mode 5, mode 7, mode 9 and 
mode 10. To optimize the selection, alongside the strain 
energy, the other factor that needed to be considered was 
how easily each mode could be excited. Specifically, for 
electrodynamic shakers, exciting a location with greater 
mode shape in the direction of the excitation force is 
able to excite the corresponding mode of vibration more 
energetically. Among the four candidates listed above, 
the fifth mode of vibration was an out-of-plane mode that 
could not be used, as explained previously. The seventh 
and ninth modes of vibration could not be conveniently 
Table 1  Natural frequencies of 
the first 10 modes of vibration, 
EMA
Mode 1 2 3 4 5 6 7 8 9 10
Freq. (Hz) 11.05 17.63 21.86 27.32 54.15 57.42 60.13 62.44 77.56 97.48
Fig. 14  Mode shapes of the a–j first-10th modes of vibration, EMA [35]
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Fig. 15  Mode shapes of the a–j first-10th modes of vibration, FE modal analysis
Table 2  Natural frequencies of 
the first 10 modes of vibration, 
EMA vs FE modal analysis
Mode 1 2 3 4 5 6 7 8 9 10
Freq. EMA (Hz) 11.05 17.63 21.86 27.32 N/A 54.15 57.42 60.13 62.44 77.56
Freq. FE (Hz) 11.26 17.11 20.72 26.57 32.74 54.20 57.63 60.41 62.96 77.96
Diff. (%) 1.90 -2.95 -5.22 -2.75 N/A 0.09 0.37 0.47 0.83 0.52
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excited as the locations of maximum mode shape were 
not easily accessible, which left the  10th mode of vibration 
the only suitable choice. As shown in Fig. 15, the location 
with maximum mode shape in the 10th mode of vibration 
was easily accessible, so this mode of vibration could be 
pertinently excited in the vibrothermographic tests.
Fig. 16  Strain energy distributions in the joint, the a–j first-10th modes of vibration, FE modal analysis
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4.4  Experimental vibrothermographic testing
As described previously, the  10th mode of vibration was 
selected for the experimental vibrothermographic tests. An 
electrodynamic shaker was attached at the location with the 
maximum mode shape in this mode of vibration to achieve 
highest excitation efficiency, as shown in Fig. 13a.
As the objective was to demonstrate that there could be 
detectable heat generation due to friction in the inspected 
joint and to verify the relationship between the frictional 
heat generation and the bolt load level representing dif-
ferent joint conditions, six magnitudes of bolt load were 
selected. The six levels of bolt load are listed in Table 3, 
which were precisely applied using a digital torque wrench. 
As explained in the previous sections, because only one 
joint was to be inspected in the vibrothermographic tests, 
changes were only applied to the bolt in the inspected joint, 
whilst loads on the other three bolts were kept at zero.
Additional EMA was performed at each bolt load level to 
ensure that the bolt load was successfully applied and that 
the changes in natural frequency of the 10th mode of vibra-
tion would not cause a significant difference in the dynamic 
behavior of the structure. During the tests, the parameters 
of the signal generator and the power amplifier remained 
unchanged. The natural frequency and damping ratio of the 
10th mode of vibration at each bolt load level were meas-
ured and summarized in Table 3.
As displayed in Table 3, as the bolt load decreased, the 
natural frequency of the 10th mode of vibration descended 
correspondingly due to the changes in stiffness, which 
indicated that the bolt load was successfully applied. The 
relationship between the damping ratio and the bolt load, 
however, was not monotonic, which will be explained later 
in this section.
During the vibrothermographic tests, the frequency of 
the excitation force was set to match the natural frequency 
of the 10th mode of vibration and the amplitude of the 
excitation force was kept approximately constant from the 
case in the EMA by using the same parameters for the signal 
generator and power amplifier, which remained unchanged 
across all the vibrothermographic tests. For data acquisition, 
a Nippon Avionics TH9100MR IR camera was used to meas-
ure the temperature data. The camera has a resolution of 
320 × 240 and a thermal sensitivity of 0.02 °C, which makes 
it capable of capturing the subtle changes in temperature 
in the inspected structure during the vibrothermographic 
tests. In all six tests, data were recorded at 10-s intervals. The 
timeline of the vibrothermographic tests is summarized in 
Table 4, which was replicated in all six tests. Because of the 
identical parameters used during the six tests and the same 
times at which data are captured, the data acquired during 
different tests could be compared on the same basis.
Data recording had been started before the electrody-
namic shaker was turned on in order to capture the initial 
temperature data, which were then subtracted from the 
other frames to reveal the net temperature increase. After 
the shaker was turned off, the measurement continued 
for another five minutes to capture the heat dissipation 
process to ensure that no unexpected circumstances had 
happened during the tests. The first example snapshots 
from the six tests mentioned in Table 4, which were taken 
at five minutes after the shaker was turned on, are shown 
in Fig. 17. The second example snapshots taken at 10 min 
after the shaker was turned on are shown in Fig. 18. In all 
snapshots, the initial temperature data captured before 
the shaker was turned on were subtracted so that tem-
perature values in the images indicated net increases. The 
snapshots were sorted in descending order according to 
the bolt load (6.0 Nm, 4.5 Nm, 3.0 Nm, 1.5 Nm, 0.5 Nm and 
0 Nm). An equal temperature scale that spanned from 0 to 
4 °C was used for all snapshots to enable more convenient 
comparisons of results across different tests.
Firstly, it was demonstrated that the friction between 
the contact surfaces in the joint was able to generate 
clearly detectable hot spots. In fact, for all bolt load levels 
except the zero-load case, multiple hot spots with maxi-
mum temperature increases higher than 0.5 °C became 
observable within two minutes after the shaker was 
turned on. The frictional heat generation was also signifi-
cantly more rapid than the heat dissipation so that highly 
Table 3  Natural frequency 
and damping ratio of the 10th 
mode of vibration at different 
bolt load levels
Bolt load (Nm) 0 0.5 1.5 3.0 4.5 6.0
Frequency (Hz) 75.44 75.97 76.32 76.79 77.15 77.56
Freq. change (%) −2.73 −2.05 −1.60 −0.99 −0.53 0
Damping ratio (%) 1.22 1.55 2.70 2.10 1.73 1.78
Table 4  Timeline of events in the vibrothermographic tests
Time (min:sec) Event
0:00 Data recording was started
2:00 The electrodynamic shaker was turned on
7:00 The example snapshots displayed in Fig. 17 were 
taken
12:00 The electrodynamic shaker was turned off
The example snapshots displayed in Fig. 18 were 
taken
17:00 Data recording was stopped
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localized hot spots were developed. These observations 
have successfully verified the possibility of using vibroth-
ermography to detect loosening bolted joints in coupled 
structures with the advantage of short measurement time.
In order to compare the results from the different tests 
quantitatively, the topmost interface in the inspected joint 
was selected for value probing. To achieve this, a rectangu-
lar measurement box was added surrounding the topmost 
interface, as shown in Fig. 19, in order to measure the max-
imum temperature increase in this region. The maximum 
temperature increases in the topmost interface in the 
snapshots shown in Figs. 17 and 18, which were captured 
at five minutes and 10 min after the electrodynamic shaker 
was turned on respectively, were extracted and plotted as 
shown in Fig. 20.
By inspecting the snapshots in Figs. 17, 18 and the plot 
in Fig. 20, it can be observed that, for data captured at 
the same times across the tests with identical setup and 
unchanged parameters, as the bolt load decreased, which 
simulated a continuously degrading integrity condition of 
the bolted joint, the frictional heat generation rate repre-
sented by the temperature reading firstly increased, until 
a maximum was reached, and then started to decrease 
rapidly.
Additionally, the trend of temperature increase corrob-
orated with the changes in damping ratio summarized in 
Table 3, which is plotted in Fig. 21, due to the reason that 
the majority of the energy dissipation in the structure was 
through frictional heat generation.
By comparing the experimental results summarized in 
Fig. 20 and the FE outputs displayed in Fig. 6, it can be 
observed that the relationship between the frictional heat 
generation rate and the bolt load followed a similar bell-
curve-shaped trend. Specifically, in the mode of vibration 
Fig. 17  The first snapshots from the six tests, sorted in descending order by bolt load (a–f 6.0 Nm, 4.5 Nm, 3.0 Nm, 1.5 Nm, 0.5 Nm and 0 
Nm)
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Fig. 18  The second snapshots from the six tests, sorted in descending order by bolt load ((a)-(f ) 6.0 Nm, 4.5 Nm, 3.0 Nm, 1.5 Nm, 0.5 Nm and 
0 Nm)
Fig. 19  The box created 
around the topmost interface 
to measure the maximum 
temperature increase
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selected for the experimental tests, there was approxi-
mately zero out-of-plane motion in the structure, which 
means the loss of contact between the surfaces was neg-
ligible. For this reason, the results from the experimental 
tests resembled those from the second mode in FE analy-
ses instead of the first mode where the loss of contact was 
significant.
The experimental results have verified that when the 
loss of contact between surfaces in the joint was insig-
nificant, the frictional heat generation rate would firstly 
increase, then decrease as the bolted joint’s integrity con-
dition approaches failure, given that other major param-
eters such as amplitude and frequency of vibration in the 
inspected structure remained approximately unchanged.
Separately, the similarity between the relationship 
of the temperature increase and the damping ratio ver-
sus the bolt load, as shown in Fig. 20 and Fig. 21 respec-
tively, indicates that it is possible to utilize temperature 
to estimate damping ratio in certain applications. This is 
specifically useful for inaccessible structures and regions 
where contact measurement methods are unable to be 
applied so that damping data can be difficult to obtain.
Apart from the major observations in terms of the rela-
tionship between the frictional heat generation and the 
bolt load, another characteristic was apparent. As dem-
onstrated in Figs. 17 and 18, although following a similar 
trend, the exact distribution of frictional heat generation 
was not identical across the different interfaces. It is pos-
sible that this observation was an indication that the inter-
faces had different contact loads, which could be a result 
of two potential factors.
Firstly, assuming that the distribution of bolt load was 
uniform across the interfaces, the lower interfaces tended 
to have a higher contact load as they supported a greater 
portion of the structure’s own mass.
Secondly, it is likely that the distribution of bolt load 
was not uniform across the interfaces, which would add 
more uncertainties to the differences in contact loads 
between the interfaces.
However, in order to discover the exact reasons behind 
this interesting phenomenon, additional tests need to be 
performed, which may be explored in future research.
5  Consideration of residual responses 
in vibrothermographic tests
Thus far in this research, it has been demonstrated the 
viability of detecting the condition change and revealing 
the relationship between the frictional heat generation 
and the progression of degradation of bolted joints in two 
representative structures through FE and experimental 
vibrothermographic tests, in which the parameters such 
as the frequency and the location of the excitation force 
were carefully selected.
In some practical applications, however, passive vibro-
thermography, in which the structures are subject to oper-
ationally induced vibration, so no extra external force is 
required, is likely to have higher relevance to users than 
the active vibrothermography that requires additional 
excitation force.
The advantage of passive vibrothermography is the 
removal of requirements on additional external excitation 
forces. However, the vibration of structure in the passive 
vibrothermography is less well-controlled so the frequen-
cies at which the structures vibrate rarely uniquely match 
the natural frequency of a single mode of vibration with 
usable strain energy in the region of interest, especially 
for rotating machinery that usually operates at a constant 
rate of rotation.
Fig. 20  Maximum temperature increase (°C) in the topmost inter-
face recorded at five and 10  min after the electrodynamic shaker 
was turned on
Fig. 21  The damping ratio of the 10th mode of vibration at differ-
ent bolt load levels
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But this does not indicate that passive vibrother-
mographic tests are unlikely to succeed. For a damped 
structure, an excitation force with a dominant single 
frequency is able to excite multiple modes of vibration 
by exciting the residual responses of modes of vibration 
whose natural frequencies are not identical to the exci-
tation frequency. Although not at the peak response, 
the partially excited modes are still able to provide a 
certain level of strain energy in the inspected region, 
which can be sufficient for vibrothermographic tests. 
This phenomenon can be surprisingly useful consider-
ing that the complex structures used in industries tend 
to have higher damping than the simpler structures 
used in laboratories due to their functional complexity. 
In this situation, the residual responses are also greater, 
which lowers the requirements on the frequency and the 
amplitude of vibration correspondingly.
This speculation has been verified experimentally on 
the metal frame structure used in this research, which 
had moderate damping that varied with several factors, 
such as the bolt load and the mode of vibration, as dem-
onstrated in Table 3.
In this experimental test, the structure was excited at 
the natural frequency of the second mode of vibration 
with the other parameters such as the location of the exci-
tation force and the boundary condition of the structure 
remaining the same as in the previous tests. This was not 
expected to cause a high level of response of the second 
mode as the mode shape of the second mode of vibration 
was considerably low at the point of excitation, according 
to the mode shape in Fig. 14b and Fig. 15b. Even if the 
second mode was excited, there was almost zero strain 
energy in the inspected joint in this mode, as indicated 
by the strain energy distribution in Fig. 16b. The load on 
the bolt in the inspected joint was set to 0.5 Nm to lower 
the frictional heat generation rate even further in order to 
add extra challenges artificially. Due to these reasons, the 
second mode alone was not anticipated to provide detect-
able frictional heat generation.
In this test, the procedure described in Table 4 was still 
strictly followed. Two example snapshots were taken at the 
same times as in the previous six tests, i.e. at five minutes 
and 10 min respectively after the shaker was turned on. 
The two snapshots are shown in Fig. 22. The initial tem-
perature data were captured and subtracted from the 
snapshots. The temperature scale remained the same as 
in the previous results, which spanned from 0 to 4 °C.
As observed in Fig. 22, in contrast to the original expec-
tation, the contact surfaces were able to generate clearly 
detectable heat. This response could only be attributed to 
the third mode of vibration being excited. The third mode 
had a natural frequency of 18.2 Hz when the bolt load was 
0.5 Nm on the bolt in the inspected joint and 0 Nm on 
the other three bolts, which was close to the natural fre-
quency of the second mode of vibration that was 15 Hz 
in the same condition. For this reason, it is believed that 
it was the third mode of vibration being excited that pro-
vided the frictional heat generation in the joint, which was 
detected by the IR camera, instead of the second mode of 
vibration which was unable to generate sufficient heat for 
the reasons stated above.
Specifically, unlike the second mode of vibration, in the 
third mode, there was necessary strain energy in the joint, 
as shown in Fig. 16c. The mode shape was also sufficient 
at the excitation point for the third mode to be excited 
to a relatively high level, as shown in Figs. 14c and 15c. 
These conditions enabled the third mode of vibration to 
be excited effectively which provided the source of detect-
able frictional heat generation in the joint as shown in 
Fig. 22, even though it was not directly targeted by the 
excitation force.
6  Discussions and conclusions
In this research, a modal-based vibrothermographic 
approach was studied and applied to evaluate the integ-
rity condition of bolted joints in coupled structures. 
Fig. 22  The a first and b second snapshots from the final test using the second mode of vibration
Vol:.(1234567890)
Research Article SN Applied Sciences          (2020) 2:1446  | https://doi.org/10.1007/s42452-020-03251-7
Besides being successful in detecting the heat generated 
in loosening bolted joints during vibration, the proposed 
approach has been able to reveal the relationship between 
the frictional heat generation and the condition of vibrat-
ing bolted joints. Following the observations acquired dur-
ing this research, the procedure for practical application 
of this modal-based vibrothermographic approach when 
utilized to evaluate integrity condition of bolted joints can 
be summarized.
Firstly, when data traceability is available, the frictional 
heat generation rate in the inspected joint should be used 
as the indication of failure. As described previously, the 
relationship between the frictional heat generation rate 
and the integrity condition of the bolted joint should be 
approximately described as a bell curve, unless the open-
ing force exerted onto the joint during vibration is signifi-
cant compared to the bolt load so that the loss of contact 
becomes dominant.
Based on this premise, given that other major param-
eters remain mostly unchanged, if the frictional heat gen-
eration rate stays approximately constant, the condition 
of the joint should be relatively stable. When the frictional 
heat generation rate increases, it can be an indication that 
the joint starts to fail. After continuous increases, when the 
frictional heat generation rate starts to decrease, it should 
be alarmed that the bolted joint is likely to approach 
failure.
Additionally, it has been demonstrated that the con-
tact load in the bolted joints that corresponds to the maxi-
mum frictional heat generation rate is positively correlated 
with the force exerted onto the joint during vibration. This 
phenomenon can be useful in practical applications. Since 
joints experiencing greater forces during vibration are 
more likely to have more rapid failing processes, having 
earlier indications of the potential failure of the joints will 
undoubtedly improve the safety of the structure.
In circumstances where the significant loss of contact 
between surfaces is unavoidable so that the relationship 
between joint condition and frictional heat generation 
rate becomes monotonic, it is still possible to rely on 
frictional heat generation rate as the indication of dam-
age. However, a properly determined threshold must be 
selected, and actions need to be taken once the frictional 
heat generation rate falls below this threshold.
When data traceability is unavailable, determining the 
stage of a joint in its failing process is considerably more 
difficult. Even for a well-calibrated structure for which the 
exact relationship between the frictional heat generation 
rate and the joint integrity condition is established, a point 
with acknowledged frictional heat generation rate may 
still be located at either side of the plot because of the 
bell-curve-shaped relationship. If a joint close to failure is 
falsely determined as a sound joint because of their similar 
values of frictional heat generation rate, catastrophic fail-
ures might happen. For this reason, online monitoring of 
joints in critical regions appears to be necessary in order 
to allow data traceability.
Besides, it was also demonstrated that the temperature 
increase representing the heat generation can be as an 
indication of the damping ratio of a structure, which could 
be particularly useful when direct measurement of damp-
ing data is difficult, such as when the inspected structure 
or region is physically inaccessible.
Apart from major conclusions summarized above, it 
has also been verified that this modal-based vibrother-
mographic method is still able to work even if the struc-
ture does not vibrate at a resonant frequency of a mode of 
vibration with high strain energy in the joint. The adjacent 
modes of vibration excited at their residual responses are 
possible to provide necessary strain energy in the joint, 
which aids the frictional heat generation. Apart from 
evaluating joint integrity, this phenomenon can also be 
used in the detection of other types of damage based 
on vibrothermography, where the non-targeted modes 
of vibration are also able to provide strain energy in the 
damaged region.
7  Potential and future work
Other than the activities completed during this research, 
this vibrothermographic approach also has potential in 
other relevant areas. For this reason, future work has been 
planned as possible extensions of this research.
Firstly, in the planning phase of the vibrothermographic 
tests, the distribution of the strain energy in the struc-
ture during vibration was calculated through FE analyses 
due to the limitations on the actual number of sensors 
that can be placed on the physical structure. However, a 
full-field strain measurement—rather than sparse strain 
gauge measurements—performed directly on the physical 
structure could be particularly useful for this application, 
should the experimental infrastructure be available.
Secondly, it is worthwhile to establish a method for 
detecting the loss of contact in relevant regions and 
evaluating its influence on the thermal parameters in 
vibrothermographic tests. This may be achieved by experi-
mental methods or data processing techniques such as 
motion amplification. Motion amplification can magnify 
the subtle motion in engineering structures so that they 
become more apparent, with which the dynamic behav-
iors in the contact regions can be more easily observed 
and evaluated.
Thirdly, the proposed vibrothermographic approach, 
when utilized to evaluate the integrity condition of bolted 
joints, relies on traceability of data from which a trend 
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of frictional heat generation can be established. For the 
generality of this approach, the possibility of determining 
joint conditions without traceable data should be studied. 
It is possible that this can be achieved by observing other 
phenomena, such as the distribution of frictional heat gen-
eration across multiple interfaces, which has been briefly 
mentioned at the end of the experimental vibrothermo-
graphic testing section.
Additionally, in this research, the temperature of the hot 
spots observed in the experimental tests was generally 
1 °C to 5 °C higher than the surrounding regions during 
the vibration caused by the single-point single-frequency 
excitation. In other applications, these values could be 
either higher or lower depending on the parameters of 
the excitation force(s) directly affecting the amplitude 
and the shape of the vibration. However, considering that 
modern IR cameras are usually able to achieve a sensitiv-
ity of lower than 0.05 °C in a regular room-temperature 
environment, the hot spots caused by the frictional heat 
generation should be able to capture these phenomena in 
most situations. Apart from the net temperature increases, 
the ambient temperature during the experimental tests 
in this research was relatively unchanged at regular room 
temperature (approximately 20 °C) so that the extra factors 
related to ambient temperature were not major concerns. 
However, many coupled engineering structures, such as 
aircraft engines, usually operate in a significant ambient 
temperature. Such high ambient temperature is likely 
to raise several problems not covered in this research. 
Firstly, high temperature will cause thermal expansion of 
materials, which may significantly affect the relationship 
between the frictional heat generation and the internal 
load within the joints because of the altered contact con-
ditions. Secondly, the performance such as accuracy and 
sensitivity of IR cameras usually depend on the operat-
ing and the background temperature. A relatively small 
temperature increase caused by friction might become 
difficult to detect in a high-temperature environment. For 
this reason, additional tests might be performed to study 
the effectiveness of this vibrothermographic approach in 
these conditions.
Similarly, the upper limit of the bolt load that was stud-
ied experimentally in this research was 6.0 Nm, which 
was approximately the maximum bolt load that could be 
applied by hand on the bolt in the frame structure. For 
different structures, this value usually varies from case to 
case, depending on the physical parameters of the joint to 
be studied. Additional research on a wider range of bolted 
structures with different bolt load levels would be appro-
priate for alternate applications.
Lastly, as demonstrated in this article, thermal param-
eters such as the temperature increases can be used to 
reveal changes in dynamic properties like the damping 
ratio. It may be possible to rely on vibrothermography 
as an indirect measurement approach of other dynamic 
properties in relevant applications where direct measure-
ment methods cannot be easily applied.
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